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THE VISCOSITY OF GASES AT HIGH PRESSURES
I. INTRODUCTION
1. Object of Investigation.-In recent years there has been a
tendency to use higher gas pressures in many processes. Although the
methods of equipment design are fairly well perfected, in many cases
involving fluid flow, there is often a lack of fundamental data on the
effect of pressure on the properties of gases and liquids. Considerable
work has been done on the effect of pressure on the density of gases,
but there are relatively little data available on the effect of pressure on
the other properties such as viscosity, diffusivity, and thermal con-
ductivity. One reason for the lack of data of this sort is the experi-
mental difficulties associated with obtaining them. This is demon-
strated by the large discrepancies between sets of data on the same gas
obtained by different investigators. Since the viscosity of a gas at con-
stant temperature may vary several hundred per cent as the pressure
is increased from atmospheric to above the critical pressure, such data
are quite important to the designer of high-pressure equipment.
The investigation described in this bulletin was a study of the
effect of pressure on the viscosity of gases. Measurements were made
on carbon dioxide, ethylene, propane, and methane, using a short cap-
illary viscometer of the Rankine type suitably modified for work at
high pressures. A critical survey of the viscosity data in the literature
was made. The most reliable of these, together with the data obtained
in this investigation, were used to construct a general correlation based
on the principle of corresponding states. This correlation can be used
to predict the viscosity of a gas at any temperature at an elevated
pressure if the critical temperature, the critical pressure, and the vis-
cosity at the same temperature and at a pressure sufficiently low so
that the viscosity is independent of the pressure are available.
2. Acknowledgments.-This work has been carried on as part of
the research program of the Engineering Experiment Station of the
University of Illinois and has been under the general administrative
guidance of DEAN M. L. ENGER, Director of the Engineering Experi-
ment Station, and of PROFESSOR H. F. JOHNSTONE, Acting Head of the
Department of Chemical Engineering during the absence of Professor
D. B. Keyes who is on government duty. The research work was used
as thesis material by the junior authors for advanced degrees in the
Graduate School of the University.
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3. Nomenclature.-Throughout this bulletin, the metric system of
units has been used except for pressures which are expressed in pounds
per square inch as well as normal atmospheres.
a = arbitrary constant
A = cross-section area of pellet tube
A0 = constant
b, Bo = constant
c = constant
c = mean molecular velocity
C = compressibility factor
di = tube diameter
d2 = ball diameter
D = diffusivity
DA = diffusivity at atmospheric pressure
F = force
g = acceleration of gravity
G = mean free path of molecules
k = thermal conductivity
ki = thermal conductivity at atmospheric pressure
Ki, K 2 = calibration constants
L = length of capillary or rolling-ball tube
m = mass of pellet
n = number of pieces of pellet
p.s.i. = pounds per square inch
p = pressure
Pc = critical pressure of a gas
pk = kinetic pressure
RT
pi = ideal gas pressure, --
V
p, = reduced pressure, --
Pc
Ap = total pressure drop across capillary
Ape = hydraulic pressure drop along capillary
Ap, = pressure drop due to "end-effects"
r = radius of capillary
R = gas constant
t = time of pellet fall or time of roll in rolling-ball viscometer
T = absolute temperature
Tc = absolute critical temperature of a gas
T
Tr = reduced temperature, -
T =velocity
u = velocity
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U = average velocity
v = volume of gas displaced by pellet
v' = volume of the viscometer system above the pellet at start
of fall
v" = volume of the viscometer system above the pellet at end
of fall
Vm = volume of small globule of mercury
V = molar volume
V = volume of a long thread of mercury
vo = total volume of viscometer system exclusive of the mercury
pellet
Apc  Apc / 2v'
2p Vo
a = instrument constant
3 = instrument constant
-y = proportionality constant
X = length of small globule of mercury
, = viscosity
y1 = viscosity at atmospheric pressure
ic = viscosity at the critical condition of a gas
co = angle with horizontal
p = density of the fluid
pm = density of the mercury pellet
p, = density of the rolling ball
r = unit shear stress
' = apparent viscosity
II. THEORETICAL CONSIDERATIONS
4. Concept of Viscosity.-Viscosity is primarily associated with a
fluid moving in laminar or non-eddying flow and having a velocity
gradient normal to the direction of flow. The coefficient of viscosity is
defined as the ratio of the unit shear stress acting at a point in a fluid
necessary to maintain a unit velocity gradient perpendicular to the
plane of shear. Stated mathematically
du/dy
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where T is the unit shear stress, pt is the coefficient of viscosity, and
du/dy is the velocity gradient normal to the plane of shear. In the cgs
system the unit of viscosity is the poise. Since the poise is a rather
large quantity, the centipoise, one-hundredth of a poise, is in general
use. For gases even the centipoise is rather large so that throughout
this discussion the micropoise, 10 6 poise, will be used.
In a gas in laminar motion consider a plane parallel to the direc-
tion of flow; the number of molecules crossing a unit area in this plane
in unit time from either side is the same. The molecules crossing from
one side will possess a greater component of momentum in the direction
of flow than those from the other side if a velocity gradient normal to
the direction of flow exists. This net transfer of momentum across a
unit area in unit time is equal to the shear stress. This concept is used
to derive an expression for the coefficient of viscosity of a gas from the
kinetic theory
1
S=3pcG (2)
where p is the density, c is the average velocity of the molecules, and
G is the mean free path. Equation (2) represents an idealized pic-
ture and has been greatly improved by more accurate analysis. 13*
This relation implies that the viscosity of a gas varies with the temper-
ature and not with the pressure. According to the simple kinetic
theory p is directly proportional to the pressure and inversely pro-
portional to the temperature whereas G is inversely proportional to
the pressure and directly proportional to the temperature. Hence the
quantity pG is independent of the temperature and the pressure. The
mean velocity c varies only with the temperature.
Maxwell 17 found that the viscosity of a gas is independent of the
pressure by measuring the viscosity of air from atmospheric pressure
down to the lowest pressure he could obtain. Meyer,1 9 using the same
method as Maxwell, noted that the viscosity is constant from atmos-
pheric pressure down to 1/o60 atmospheres and then begins decreasing
as the pressure is reduced. Crookes 14 found that the viscosity of a
gas at pressures of only a few millimeters of mercury is very much less
than at atmospheric pressure, and tends to vanish altogether as the
density of the gas vanishes. The simple theory fails at very low pres-
sures because the number of molecules in the system becomes too small
for the application of statistical methods to the motion of the mole-
*Reference numbers refer to items in the bibliography.
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cules, i.e., the mean free path approaches the dimensions of the
system.
At high pressures the viscosity increases with increasing pressure.
The equations based on the simple kinetic theory are no longer valid
at high pressures because the mean free path becomes comparable to
the diameter of the molecules. When this occurs, the transport of
momentum through a distance equal to the diameter of the molecules
occurring almost instantaneously on collision must be taken into
account. The degree of divergence from the simple relations depends on
the particular gas and on the temperature and pressure.
5. Methods of Measuring Viscosity of Gases.-Any method appli-
cable to the measurement of liquid viscosities can be used for the
determination of the viscosity of gases. However, difficulty has been
encountered with some types of viscometers in preventing turbulent
conditions. This is due to the ease with which the critical Reynolds
number is exceeded because of the rapid decrease of the ratio of
viscosity to density with increasing pressure. When turbulence occurs,
a form drag is effective in addition to the viscous drag and inertia
forces then come into play. Although any viscometer can be calibrated
for use under turbulent conditions, the accuracy is then less satis-
factory. An ideal viscometer would be one in which the inertia effects
are negligible, and the observed results are due entirely to the viscous
drag.
A method involving the measurement of the rate of damping of
an oscillating disc was first used by Maxwell. The disc was suspended
by a wire connected at its center so that it rotated freely between two
other parallel stationary discs. The viscosity is related to the rate of
damping of the oscillations. This type of instrument is more suitable
for comparative measurements than for direct determinations of a
viscosity. It should be calibrated with a gas of known viscosity. If
gases at atmospheric pressure are used to calibrate the instrument, the
calibration may not be valid at the higher pressures if turbulence is
encountered. When using an instrument of this type it is advisable to
check for turbulence in some manner. One convenient method is to
repeat the determination using different spacings between the discs. If
the results are the same the turbulence is negligible. The theory of
the oscillating disc viscometer has been improved upon by Mason,
Naldreth, and Maas 16, 21 who used this type of viscometer to determine
the viscosity of ethylene and carbon dioxide near the critical densities.
Their results are of high precision and are in good agreement with
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those of other investigators. This indicates that turbulence was not
encountered in the pressure range they used.
A rotating-cylinder type viscometer has been used at low pressures
by a number of experimenters. This consists of two coaxial cylinders
with the fluid between them. The viscosity can be calculated from
measurements of the drag when one cylinder is rotated with respect to
the other. As with the oscillating-disc viscometer, the accuracy of the
results depends upon maintaining laminar conditions. This type of
apparatus has not been successfully used for measurements at high
pressures.
The falling-body type instrument has been used for measurements
on gases at high pressures. This viscometer consists of a cylindrical
body which falls freely in a closely-fitting vertical tube. The fluid is
transpired through the annular space, creating a viscous drag on the
falling body. Along with this viscous drag there are additional drags
due to the fluid displacement at the front of the falling body, the
establishment of the velocity gradient in the annular space, and the
turbulent wake at the tail. In calculating the viscosity from the fall-
time data the end-effects are neglected. If laminar conditions are
maintained in the annular space, the results should be fairly accurate,
provided the end-effects are small in comparison to the viscous drag.
The rolling-ball type instrument was first proposed by Hersey 11 and
later modified by Sage 28 for use at high pressures. This instrument
consists of a ball which rolls freely through an inclined closely-fitting
tube. Since the hydrodynamics of the flow are very complicated, this
instrument is suitable for relative measurements only. It was found by
Sage and his co-workers that turbulent conditions could not be avoided
over the whole pressure range with gases. Hence this instrument has
to be calibrated for turbulent as well as for laminar conditions.
The method of transpiration through a capillary tube has been
used in many modified forms. The method consists of applying
Poiseuille's law to laminar flow through straight tubing of circular
cross-section. Since the theory of laminar flow in a tube is well estab-
lished, the capillary method is the most reliable for direct determina-
tions. One difficulty with this method is the accurate determination of
the small pressure drop for the low rates of flow necessary to maintain
laminar conditions. The Rankine viscometer, described in detail later,
overcomes this difficulty and is capable of high accuracy. For direct
determinations of viscosity the diameter must be known accurately
since the diameter is raised to the fourth power in Poiseuille's equa-
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tion. If the capillary is long relative to its diameter, the end-effects will
be small; however, they should be shown to be negligible, or else taken
into account in the calculations before the results by this method are
accepted.
III. DESCRIPTION AND DISCUSSION OF EXPERIMENTS
6. Theory of Rankine Viscometer.-The Rankine viscometer was
chosen as the most suitable for measuring the viscosity of gases. This
viscometer consists of two parallel Pyrex glass tubes joined at both
ends. One tube is a heavy-wall capillary and the other is a standard
thin-wall tube. The capillary tube is long relative to its diameter, so
that end-effects are minimized. A mercury pellet in the larger tube
exerts a piston-like action and forces the gas through the capillary.
The weight of the pellet furnishes the pressure difference across the
capillary.
By carefully choosing the size of the capillary tube and the mass
of the mercury pellet, laminar flow through the capillary can always
be assured. For laminar flow through a cylindrical smooth-wall
straight tube Poiseuille's law applies,
d(Ap) 8U (3)
- (3)
dL r2
Assuming that the mercury pellet descends in the larger tube at a
uniform rate, the average velocity of the fluid in the capillary is
given by
V
U = r- (4)
Eliminating U between Equations (3) and (4) and integrating leads to
8vu f dL 8vLp
Apo = - -J - (5)
7rt r 4  rtr4av.
The derivation of Equation (5) is rigorous only if the rate of flow of
the fluid through the capillary is independent of the position of the
mercury pellet in the pellet tube. For an incompressible fluid the as-
sumption that the velocity is constant is valid, but for compressible
fluids the velocity is not constant, and this source of error must be
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investigated. The analysis for a compressible fluid was made by
Rankine25 who obtained the following expression:
1-- 1-
po n 2p vo . rr 4a.'tAp.
2 (v" - v') - In 2v' (6)
Ap, Ap, 2v' 8AL
2p vo
Calling the left hand side X, Equation (6) becomes equivalent to
Equation (5) if X = v. Rankine showed that when the volume of the
gas swept out by the pellet is symmetrically placed with respect to
the remaining volume of the viscometer, then, for a pellet under 5 cm.
in length, in a gas at atmospheric pressure, X = v with an error of
less than 7/27oo. At higher pressures the error is even less.
It is difficult to construct a Rankine viscometer for high pressures
which is symmetrical. In the apparatus used for the present work
the volume on one side of v was approximately four times that on the
other side. The amount by which X differs from v increases as the
viscometer becomes less symmetrical, and thus it was not possible to
let X = v for the present instrument unless the error thus incurred
has definitely been shown to be negligible. For the most unfavorable
conditions encountered in the present investigation, 50 p.s.i. (the low-
est pressure at which readings were taken), with a 5-gram pellet (the
largest that could be used conveniently in the apparatus) the following
values were obtained for X.6 When the mercury pellet fell towards
one end of the viscometer, X = 1.0039 v; when the pellet fell towards
the other end, X = 0.9959 v. It follows that although errors of 0.4
per cent may result in individual readings, this error drops to a negli-
gible 0.01 per cent when the time of fall is taken as the average from
the same number of readings in each direction. The difference between
X and v decreases rapidly as the pressure is increased, or the pellet
size decreased. This averaged time of fall was used in Equation (5)
in the present work.
The pressure difference causing the flow of the gas through the cap-
illary is not exactly proportional to the mass of the mercury pellet.
When the mercury pellet is in motion, the upper surface of the mercury
is observed to be much less curved than the lower surface. This unbal-
anced capillary effect acts to retard the motion of the pellet. Experi-
mental observations show that, over the range of pellet velocities
encountered, the decrease in the effective driving pressure arising from
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the capillarity can be considered constant for a given temperature,
pressure, and gas.
For a given set of conditions, if observations are made using differ-
ent lengths of pellets, the relation between the mass of the pellet and
the time of fall can be represented by
m + -. (7)
The term (pm-p)/pm, which takes into account the buoyancy of the
fluid, is negligible at low pressures, but is quite important at high
pressures. Multiplying each term in Equation (7) by g/A gives
mg pm - P ag +g
A pm ) -A At
in which each term has the dimensions of force per unit area. Re-
arranging Equation (8) gives an expression for the pressure difference
across the capillary,
g [( P -P p _ g
- Ap = - m - - a = (9)
A L pm - At
If the end-effects are negligible, the pressure difference resulting from
the weight of the pellet and the hydraulic pressure drop over the
length of the capillary given by Poiseuille's law are equal, Ap = Ape.
Combining Equations (5) and (9), and rearranging, we obtain
/ pm - P 8pvA L dL
m - - = - (10)
Spm rtg o r4
which is used to calculate the viscosity.
The derivation of Equation (10) is based on Poiseuille's law, which
assumes that the fluid velocity at the wall is zero. In the case of gases
there may be slippage at the tube wall,14 and the pressure drop must be
corrected by the factor (1 - 4G/r) where G is the mean free path of
the gas molecules and r is the radius of the tube. However, this cor-
rection is appreciable only at relatively low pressures. At one at-
mosphere the correction would be approximately 0.1 per cent for a
capillary of 0.02 centimeters diameter. At higher pressures this cor-
rection is negligible.
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Equation (10) has been derived on the basis that the total pressure
loss across the capillary is due to viscous friction loss in the capillary.
The loss in head at the entrance and the exit of the capillary have
been neglected. Since the ratio of the length to the diameter of the
capillary is large (length equals 3670 and 3850 diameters for the two
capillaries used in this investigation), the loss due to end-effects can
probably be neglected. However, the relative magnitude of the end-
effects should be determined.
The head loss at the exit is due to the turbulence caused by the
discharge of the high-velocity stream into the more slowly moving
fluid. The loss at the inlet is due to acceleration of the fluid and
energy dissipated in establishing the parabolic velocity gradient. Al-
though the data on the exact nature of the end losses are meager, it
has been shown that the total end losses can be approximated4 5 by
the expression,
,ypU 2  ypv 2
- Ape= - = (11)
2 2r
4
.t2 7r
2
where -y is a proportionality constant which depends on the geomet-
rical shape of the ends. The total pressure drop is equal to the sum
of the end losses and the viscous friction losses through the capillary,
Ap= Ape+Ape. Substituting for Ap in Equation (9),
- (Ap. + Ap) = - - m - a . (12)
Eliminating Ape and Ape, and rearranging,
S - a = K + K (13)
\ pt t
2
is obtained, where
8vA fL dL yv2A
K1= -- , Ks =•
K rg Jo r4  27r2r4a.g
The constants K1 and K2 are dependent on the dimensions of the
apparatus and the acceleration of gravity. The value of Ki can be
calculated readily but K 2 must be determined experimentally because
there is no way of predicting 7.
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In order to show that the end-effects are negligible, fall-time data
at constant temperature and pressure for a given fluid were obtained
with a number of different size pellets. Plotting 1/t against m (pm - p)/pm
gives the value of the constant a at the intercept for 1/t =0. Then
plotting [m(pm-p)/pm-a ]t against 1/t gives a straight line with
slope Kap, which permits the evaluation of K 2, since p is known. How-
ever, if the plot of 1/t against m (pm-p)/pm gives a straight line, the
end-effects must be negligible, and K2 = 0.
If the end-effects are negligible, as was found for the apparatus
used in this investigation, Equation (13) reduces to
m P - K,1 A (14)
SPm t
This equation is used to calculate the viscosity from the fall-time data.
The constant a must be determined at each temperature and pressure
for each fluid investigated. The method of plotting m(pm-p)/pm
against 1/t is satisfactory, but it requires a large amount of data.
Rankine used a method which is very convenient. Fall-time data
is obtained with the mercury pellet falling as one piece, two pieces,
etc. Since the decrease in driving pressure caused by surface tension is
proportional to the number of pieces, Equation (14) may be re-
written as
m (- - - na = K 1  (17)\ Pm pt
where n is the number of pieces. For a given pellet mass and at con-
stant temperature and pressure 1/t is plotted against n. The value of
the constant a can then be evaluated from the slope and the intercept
of the line. This method cannot be used conveniently when the vis-
cometer is enclosed in a bomb.
Another method which is readily adaptable to the apparatus used
in this investigation has the advantage of determining the constant
directly from only one filling of the instrument. At a given pressure,
temperature, and pellet size, the viscometer is tilted at an angle a with
the horizontal. Then the effective mass of the pellet will be m sin &.
Equation (14) is rewritten as
/ o - p\ Ku
Smsin -a= ---
\ Pm / t
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If sin w is plotted against 1/t, the intercept at 1/t= 0 is apm/m(pm-p),
from which the value of the constant can be calculated. This method
assumes that sin o is linear with 1/t, i.e., the constant does not vary
with the angle of the viscometer. This has been shown to be true and
all of the methods for determining the constant give the same result.1 8
7. Description of Apparatus.-During the course of this investiga-
tion two Rankine viscometers constructed of Pyrex glass were used.
Viscometer No. II is shown in Fig. 1 with some of the important
dimensions; viscometer No. I had nearly the same dimensions. During
operation the instrument occupied a vertical position, and a mercury
pellet descended in the larger tube forcing the gas up through the
capillary. Two tungsten wires were carefully sealed in the wall of the
larger tube near the top in such a way as to cause very little distortion
of the tube diameter. Two similar wires were placed near the other
end of the tube, and each of these pairs were used to indicate the
passage of the mercury pellet. When the pellet closed the circuit
through a pair of these wires, a current of a few milliamperes caused a
relay to operate and close a circuit in which the current was inter-
rupted every tenth of a second by a commutator attached to a
synchronous motor. These impulses were counted by an impulse
counter. When the mercury pellet made contact with the lower pair
of wires, a relay stopped the counter. The time of fall of the mercury
pellet was then read from the counter in tenths of a second.
The glass viscometer was placed in a steel bomb, and an external
pressure of nitrogen maintained to balance the pressure of the test
sample within the instrument. In this way the difference between the
internal and the external pressures was kept below 3.4 atmospheres
(50 p.s.i.), even during periods of pressure adjustment. A side tube
at one end led to a ground glass head. This head was held against a
flat steel surface by an aluminum ring. A thin gasket of gum rubber
was placed between the glass and steel surfaces. This connection to
the sample line, similar to that used by Cummings, 4 is shown in Fig.
1. It led to the sample compressor and the pressure gages. A metal
guard held the instrument in the bomb and prevented it from jarring
against the steel walls. The head of the bomb at one end was provided
with pressure-tight openings, one for the sample line, four for wires
to two thermocouples, and two for electrical connections to the tung-
sten contact wires. The other head provided for the two wires of a
third thermocouple. The three thermocouples (iron-constantan) were
used to measure the temperature of the nitrogen surrounding the
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FIG. 1. GLASS VISCOMETER NO. II WITH HEAD ASSEMBLY
viscometer at points near each end and the middle of the viscometer.
The nitrogen was introduced through a connection in the side of the
bomb.
The temperature of the bomb was controlled by wrapping it with a
single main resistance wire augmented by three control coils equally
spaced over each third of the length. Each head was also insulated
by a hood provided with a main and a control heater winding. The
entire bomb was pivoted about its mid-point to permit its rotation
through 180 deg. This allowed the viscometer to be inverted repeatedly
for check runs in each direction. The sample line and the nitrogen
line were joined to the rest of the system through coils of small-
diameter flexible tubing; thus it was unnecessary to break any con-
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FIG. 2. SECTION SHOWING VISCOMETER ASSEMBLED IN BOMB
nections when the bomb was rotated. The bomb assembly is shown
in Fig. 2.
A flow diagram of the complete apparatus is shown in Fig. 3. The
pressure in the viscometer was measured by two Bourdon-type pres-
sure gages, 12 inches in diameter, one of which covered the range from
0 to 1200 p.s.i. and the other that from 1200 to 3000 p.s.i. These gages
were filled with oil and connected to a dead-weight gage of the type
described by Keyes.'1 The gages were checked at frequent intervals
with the dead-weight gage. The pressure deviation from the selected
value was not more than 1 p.s.i. at pressures below 1000 p.s.i., and
generally less than 2 with a maximum of 5 p.s.i. in the range 1000 to
2500 p.s.i. The test sample was compressed to the desired pressure
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over mercury in a special cylinder designated as the sample com-
pressor. The construction of the head of this cylinder is shown in
Fig. 4. This head provided for a small clearance volume above the
mercury. The progress of the mercury up the cylinder was indicated
with three electrical contacts in its wall and two in the head. In opera-
tion, mercury was forced into this cylinder from a second cylinder by
nitrogen under pressure. The nitrogen for the latter cylinder and for
the viscometer bomb was compressed by a three-stage Rix compressor
with provisions for returning it to a gas holder and recompressing.
The temperature of the viscometer was held constant by an auto-
matic temperature controller to ± 0.5 deg. C., and this was improved
by manual adjustment during the test period so that the variation was
seldom more than ± 0.3 deg. C. The temperature was measured by the
calibrated iron-constantan thermocouples with a Leeds and Northrup
type-K potentiometer and a type-R galvanometer. Lines carrying the
test sample were electrically heated to prevent condensation at the
elevated pressures.
8. Calibration of Viscometer.-The dimensions of the capillary
tube used in the viscometer were selected to ensure viscous flow and
at the same time to give a convenient time of fall of the mercury
pellet. A selection was made from twenty-five 0.2-mm.-diameter
capillaries. Short end sections of the six best tubes were magnified to
either 500 or 1000 diameters in a mineralogical microscope, and
examined to eliminate those with a bore of elliptical cross-section.
Since the radius appears raised to the fourth power in the equation
used to calculate the viscosity from the fall-time data, it was essential
to measure this dimension accurately along the length of the capillary.
A small globule of mercury was introduced into the capillary and
assumed a length of about 1.5 cm. The tube was mounted on a hori-
zontal cathetometer and the length of this mercury thread was
measured within 0.01 mm. at various positions along the length. The
L dL
integral - which appears in the calibration constant K, was
f r
4
obtained from these measurements by graphical integration similar to
the method described by Fisher 7 (see Appendix A).
The volume of the pellet tube between the tungsten contacts was
determined for each direction of fall by filling the tube with mercury
and weighing the amount displaced as the mercury was drawn off
between the two pairs of contacts.
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FIG. 3. FLow DIAGRAM OF APPARATUS
FIG. 4. SECTION THROUGH HEAD OF SAMPLE COMPRESSOR
The electrical contacts for indicating the position of the mercury are shown.
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SUMMARY OF CALIBRATION DATA
Viscometer I
Length, L (cm) 86.3
Integral, -l'§ (cm-u) 4.540 X 109
Average radius, rv. (cm) 0.01174
Volume between contacts (cm 3)
T rd A nd A 3 5370
Towards end B
Average cross-sectional area
of fall tube, A (cm 2)
Calibration constant, K1
sec-gm
micropoise )
3.852
0.07275
3.318
II
86.7
5.449 X 109
0.01123
4.184
4.172
0.08042
4.761
The value of v towards end A was used to calculate the calibra-
tion constant K 1. Therefore, the fall time towards end B had to be
converted to the same basis as the fall time towards end A by multi-
plying by the ratio 3.870/3.852 in the case of viscometer No. I and by
4.184/4.172 in the case of viscometer No. II.
9. Experimental Procedure.-Mercury pellets of 1.5 to 5.0 grams
were used in the experiments. The mercury was carefully cleaned by
distillation, by washing with nitric acid and water, and then by
drying at 120 deg. C. The pellet was first introduced into the vis-
cometer through the glass head, and the viscometer and bomb were
then assembled.
The gas to be tested was next admitted to the instrument. The
carbon dioxide was a commercial product with a purity of 99.5 per
cent; the ethylene was of anesthetic quality, 99.5 per cent pure; the
propane was C.P. commercial product, 99.9 per cent pure; and the
methane obtained from the Buttonwillow field in California had a
purity of 99.5 per cent. The gases were used as received. The vis-
cometer was evacuated with a pump, and the test gas was forced in
from the mercury compressor to a pressure of 4.4 atmospheres. After
20 minutes the instrument was evacuated; this procedure was repeated
three times to ensure that the air was thoroughly flushed out. During
this time and for the final introduction of the sample, as well as during
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FIG. 5. ASSEMBLED BOMB WITH GLASS VISCOMETER INSIDE,
SHOWING METHOD OF INVERTING ABOUT MID-POINT
The flexible coils of tubing for the sample and nitrogen are in the insulated enclosure back
of the bomb.
subsequent adjustments in pressure, the mercury pellet was held in
the enlargement at one end of the viscometer where it did not interfere
with the flow of the gas.
The temperature and the pressure were maintained constant for
30 minutes before each series of readings. A series consisted of two to
seven measurements of the time of fall of the mercury in each direc-
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FIG. 6. FRONT OF INSTRUMENT PANEL
The dead-weight gage is in the foreground with the two 12-inch pressure gages nearby. The
timer unit is on the table and the Rix compressor to the right. The bomb assembly is behind
the panel on the left; its shaft extends through the panel but is hidden behind the dead-weight
gage and allows the bomb t@ be rotated from the front of the panel.
tion. The maximum deviation from the average of the time of fall was
less than 0.5 per cent. At constant temperature several series of
measurements were taken at different pressures with one size of
mercury pellet. In several cases the series carried out while the pres-
sure was being increased were again checked while it was being de-
creased. After several series of measurements had been made, the
viscometer was removed from the bomb and cleaned thoroughly with
ether, water, hot sodium dichromate cleaning solution, and finally
distilled water until all the acid was washed out. It was dried by
warming and evacuating.
Another pellet of a different weight was introduced and the
measurements were repeated at the same pressures. In most cases
three or more different pellet sizes were used.
10. Experimental Results.-Pressure-viscosity isotherms were ob-
tained for four gases, carbon dioxide, ethylene, methane, and propane.
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TABLE 1
SUMMARY OF VISCOSITY VALUES FOR CARBON DIOXIDE
40 deg. C.
Pressure in Viscosity in
Atmospheres Micropoises
1.00 159.8
4.40 161.3
28.2 174.2
48.6 182.7
55.4 194.3
67.3 210.4
79.1 245.9
89.5 375.1
103.1 516.3
137.0 672.5
TABLE 2
SUMMARY OF VISCOSITY VALUES FOR ETHYLENE
Viscosity in Micropoises
Pressure in
Atmospheres
30 deg. C. 40 deg. C. 50 deg. C. 70 deg. C. 95 deg. C.
1.00 105.4 107.4 109.3 117.2 125.5
5.08 106.0 108.0 109.9 118.0 125.8
28.2 113.1 115.0 119.2 124.3 129.5
48.6 129.9 130.6 130.5 133.6 138.9
55.4 140.6 136.9 136.2 138.1 142.6
67.3 177.5 159.2 150.5 147.4 149.8
79.1 254.5 200.3 172.1 160.6 158.9
89.3 304.7 248.3 197.5 173.6 168.1
103.1 359.2 299.7 239.6 191.9 181.8
137.0 434.7 ..... 320.3 255.8 226.5
171.0 ..... ..... ..... ..... 277.3
Tables 1, 2, 3, and 4 give a summary of the data obtained. Each
value given in these tables represents an average of from two to five
determinations of the viscosity using different size pellets. The values
for atmospheric pressure given in the tables were obtained by extra-
polation. The averaged viscosity values are shown graphically in
Figs. 7, 8, 9, and 10.
11. Discussion of Results.-The results given in Tables 1, 2, 3,
and 4 are average values. The complete experimental results are given
in Appendix B. The original data for a number of typical runs are also
given in order to show the variation of the individual time of fall for
a single run and the deviation of the pressure and the temperature
from the recorded values.
Since the viscometer was calibrated at room temperature and at-
mospheric pressure, there is some question as to whether the range of
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TABLE 3
SUMMARY OF VISCOSITY VALUES FOR METHANE
Viscosity in Micropoises
Pressure in
Atmospheres
30 deg. C. 50 deg. C. 70 deg. C. 95 deg. C.
1.00 110.8 117.1 125.6 133.7
4.40 112.2 118.1 126.3 134.9
28.2 115.7 121.5 129.5 136.9
41.8 119.8 124.8 132.2 139.7
55.4 123.7 128.3 135.1 142.3
69.0 128.1 132.8 138.4 145.3
82.7 132.7 137.1 142.1 147.8
96.3 138.6 142.9 146.7 151.2
116.8 147.3 150.9 153.3 156.3
137.0 158.1 159.0 160.6 161.8
171.0 ... . ... . ..... 173.5
TABLE 4
SUMMARY OF VISCOSITY VALUES FOR PROPANE
Pressure Viscosity in Micropoises
in ---------- __________---- ----- ---------_
Atmospheres 30 deg. C. 37.7 deg. C. 54.4 deg. C. 71.1 deg. C. 87.7 deg. C. 104.5 deg. C.
1.00 80.3 82.8 88.5 93.2 97.7 102.3
4.40 80.7 83.1 88.8 93.4 97.8 102.3
7.80 81.1 83.6 89.7 94.6 98.8 103.6
9.50 81.4 .... ..... .....
11.2 .... 84.5 90.6 95.4 .. ..
14.6 .... .... 91.5 96.0 100.9 105.4
18.0 .... .... 93.2 98.5
21.4 .... .... .... 100.7 107.5 108.4
28.3 .... .... .... .... 119.2 115.2
35.0 .. . .... ... . .... ..... 124.8
41.8 . . .... .... .. . ..... 156.9
temperature and pressure covered in this investigation affected the
calibration constant K 1 . The constant is proportional to 1/r 4 and any
small change in the radius of the capillary would greatly affect it.
Calculations were made using Lame's 3" equations for the strains in a
thick-walled cylinder, which showed that an error of only 0.05 per cent
is introduced at 3000 p.s.i. by assuming K, independent of pressure.
Using the coefficient of thermal expansion for Pyrex glass it was also
found that for the temperature range covered the effect of temperature
on the constant was negligible.
In calculating the viscosity from the fall-time data the density of
the gas was used in allowing for the buoyancy. This was obtained for
carbon dioxide, ethylene, and methane from the PVT data given in the
International Critical Tables. These data did not extend below 40
atmospheres for carbon dioxide, below 50 atmospheres for ethylene,
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FIG. 7. ViscosITY OF CARBON DIOXIDE AT 40 DEG. C.
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FIG. 10. VISCOSITY OF PROPANE
and below 35 atmospheres for methane. For the lower pressures suf-
ficient accuracy was obtained by estimating the density from the gen-
eral compressibility factor chart. 12 Compressibility data for propane
by Deschner and Brown 5 were used to calculate the density. Their
data are in excellent agreement over most of the range with similar
data obtained by others. 1 , 32
It was found that for the viscometers used in this investigation
end-effects were negligible, as was expected from the large ratio of
- ° -^--- '045 . .--
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FIG. 11. GRAPHICAL DETERMINATION OF a FOR METHANE AT 95 DEG. C.
length to the diameter of the capillary. Figure 11 shows a plot of 1/t
against m(pm- p)./pm for methane at 95 deg. C. The data fall on
straight lines, indicating that end-effects are small and K 2 = 0 in
Equation (13).
The constant a was determined by two different methods. The
experimental values of this constant are given in Appendix C. The
value of the constant ranged from 0.30 to 0.06 depending on the
temperature, pressure, and the condition of the mercury. With vis-
cometer No. I enough data were not obtained to determine the varia-
tion of the constant with pressure. For this reason an average value
was used in calculating the results. With carbon dioxide the constant
was found to vary from 0.06 to 0.12. With ethylene it varied from
0.10 to 0.15. In viscometer No. II the constant decreased with increas-
ing pressure and increasing temperature. The constant was accurate
within 10 per cent at low pressures and within 20 per cent at higher
pressures. This uncertainty would introduce the greatest error in the
calculated viscosity when the smallest size pellet was used. Under the
most unfavorable conditions, i.e., with the smallest pellet, the maxi-
mum uncertainty introduced in the calculated viscosity would be
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FIG. 12. COMPARISON OF VISCOSITY ISOTHERM FOR ETHYLENE AT 40 DEG. C. AS
MEASURED BY VISCOMETERS NOS. I AND II, RESPECTIVELY
1.0 per cent at pressures below 1200 p.s.i. and about 1.3 per cent at
higher pressures. Since the results obtained with the small size pellets
were averaged with the results obtained with the larger pellets, the
actual uncertainty in the average viscosity from this source is much
less, and is estimated to be about 0.5 per cent.
As a check on the reproducibility of the method of calibration of
the viscometer for direct determination of viscosity, the 40 deg. C.
isotherm for ethylene obtained with viscometer I was repeated with
viscometer II. The results are shown in Fig. 12. The values obtained
with viscometer II are slightly lower at the lower pressures but at 90 at-
mospheres the isotherms coincide. The slight discrepancy at the lower
pressures is due, in part at least, to the use of an average value of the
constant a in calculating the results with viscometer I. This was
necessary because of insufficient data. The close agreement between
the two isotherms indicates that the method of calibration is of satis-
factory precision. Other than those obtained in this investigation there
are no data available on the effect of pressure on the viscosity of
ethylene. Mason and Maas,"1 however, obtained some values near the
critical density which agree closely with those of this investigation.
For example, at 30 deg. C. and 79 atmospheres they found the viscosity
to be 250 micropoises, whereas in this investigation the viscosity was
found to be 251 micropoises.
The experimental results obtained for carbon dioxide at 40 deg. C.
are compared in Fig. 6 with those obtained by Phillips1" and Stakel-
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beck. 43 The three determinations agree very closely, within 1 or 2 per
cent, for pressures up to 50 atmospheres. Between 60 and 80 atmos-
pheres Stakelbeck's results are approximately 10 per cent higher than
those of Phillips, and the results of this investigation are about 1 or
2 per cent higher than those of Stakelbeck. In the region between 90
and 100 atmospheres Stakelbeck's values were 10 per cent lower than
those of Phillips (the curves cross at 85 atmospheres), and the results
of this investigation are somewhat higher than those of Phillips (from
3 to 6 per cent). At 112 and 120 atmospheres, the highest pressures
used by Phillips and Stakelbeck, respectively, the results of this in-
vestigation are slightly lower than those obtained by these investi-
gators. Recently Naldreth and Maas 21 reported values for the viscosity
of carbon dioxide near its critical density. Their results are in close
agreement with the results of this investigation; for example, at
40 deg. C. and a density of 502 grams per liter they obtained 370
micropoises as compared with 367 obtained in this investigation.
The effect of pressure on the viscosity of propane has been in-
vestigated by Sage and Lacey 30 and also by Smith and Brown,41 both
using the rolling-ball method. Figure 13 shows the data for two of the
isotherms obtained in this investigation compared with data obtained
by these investigators. The atmospheric values from extrapolation of
the isotherms are in excellent agreement. Actually this means that the
atmospheric values obtained in this investigation by extrapolation
agree with the atmospheric determinations of Trautz and Kurz, 43a
since both Sage and Lacey and Smith and Brown used the atmospheric
values of Trautz and Kurz to establish the calibration of their instru-
ments. However, the data of Sage and Lacey above atmospheric pres-
sure disagree markedly with the data of this investigation. Some of
their values are 60 per cent higher. The 104.5 deg. C. isotherm by
Smith and Brown agrees rather well. However, their 54.4 deg. C.
isotherm shows a greater increase of viscosity with pressure.
This lack of agreement led to a study of the theory of the rolling-
ball viscometer. A full discussion is given in Appendix D, and a new
method of calibration when turbulent conditions exist is used to recal-
culate the 104.5 deg. C. isotherm of Sage and Lacey. The recalculated
values are shown in Fig. 13 along with the isotherm obtained in this
investigation and that reported by Sage and Lacey. In view of the
question of the calibration of the rolling-ball viscometer for turbulent
conditions of flow, results obtained by this method should not be ac-
cepted unless checked by another instrument. When the flow is strictly
laminar, the results by the rolling-ball method are accurate.
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FIG. 13. COMPARISON OF MEASURED VISCOSITY OF PROPANE WITH VALUES
OBTAINED BY OTHER INVESTIGATORS
Sage and Lacey 29 determined the effect of pressure on the viscosity
of methane. Bicher and Katz,2 using the apparatus built by Smith and
Brown, also investigated methane. In both of these investigations
turbulence was encountered over the whole range of pressures starting
somewhat above atmospheric pressure, and the results are in dis-
agreement with the results of this investigation probably because
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FIG. 14. COMPARISON OF MEASURED VISCOSITY OF METHANE WITH VALUES
OBTAINED BY OTHER INVESTIGATORS
of the method of calibration used by these investigators. Their results
show a greater increase of viscosity with pressure, and differ at some
pressures by as much as 20 per cent from the results of this investi-
gation. Figure 14 shows the 70 deg. C. isotherm of the three investiga-
tions. The atmospheric values are in close agreement. However, Sage
and Lacey calibrated their instrument at atmospheric pressure using
Rankine and Smith's 26 value for the viscosity of methane, and Bicher
and Katz used the value of Trautz and Sorg 44 at atmospheric pressure.
It is estimated that the uncertainty of the results from this in-
vestigation is not more than 1 or 2 per cent at most. The largest part
of the uncertainty of the results is due to the uncertainty of the con-
stant a. This uncertainty was minimized by repeating the determina-
tion at each temperature and pressure a number of times with different
pellet sizes. The values obtained with different size pellets agree
within 1 per cent in most cases. Although the method is capable of a
precision of within 1 per cent, the accuracy of the results depends on
the accuracy of the calibration. Since the atmospheric values obtained
by extrapolation agree very closely with those obtained by other in-
vestigators, and the results for ethylene were duplicated very closely
with two separately-calibrated viscometers, the method of calibration
used in this investigation is indicated to be reliable within 1 per cent.
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IV. CORRELATION OF VISCOSITY DATA
12. The Viscosity Ratio.-The kinetic theory of gases pictures the
pressure p which a gas or vapor exerts on the walls of its container
as the resultant of two component pressures, each acting normal to the
walls of the container. These component pressures are the kinetic pres-
sure Pk and the cohesive pressure pc. They act so that
P = Pk - Pc. (19)
Consider an infinitely thin plane in a volume of gas at uniform pres-
sure. The movement of the molecules will cause them to strike against
both sides of this plane and be reflected. The net effect of this process
is a transfer to the plane of twice the component of momentum normal
to the plane carried by each of the molecules, since each molecule
rebounds with an equal momentum in the opposite direction. This
transfer of momentum acts as a pressure which is the same on each
side of the plane and is called the "kinetic pressure." At low pressures,
where the gas follows the ideal gas laws, this kinetic pressure is the
same as the gas pressure on the walls of the container. The molecules
are relatively far apart and do not attract one another, so that the
cohesive pressure is zero.
As the pressure is increased, the molecules are forced closer together
and begin to exert an attractive force on one another. In the main
body of the gas these attractive forces on any individual molecule
are the same in all directions and counterbalance one another. The
same is true at each surface of the infinitely thin plane because the
molecules on the other side act through the plane. The conditions at
the surface of a container wall are not the same, since the attractive
forces of the gas molecules on one side of the surface are not counter-
balanced by those of gas molecules on the other side of the surface.
These unbalanced forces act to reduce the velocity of the molecules
striking the container wall and result in a gas pressure which is less
than the kinetic pressure by an amount termed the "cohesive pres-
sure," as Equation (19) shows. If both sides of Equation (19) are
divided by the pressure of an ideal gas, pi = RT/V, at the same
absolute temperature T and molar volume V then the ratio p/pi oc-
curs on the left-hand side, and is equal to the difference between the
ratio of the kinetic pressure to the ideal gas pressure and the ratio of
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the cohesive pressure to the ideal gas pressure. By definition p/pj is
equal to the compressibility factor C, and
= - = C. (20)
Pi Pi Pi
Consider the case in which a gas is flowing in a direction parallel
to the infinitely thin plane and there is a velocity gradient normal to
the plane. The same situation exists as before, except that the mole-
cules striking the plane transfer to it a net component of momentum
parallel to the plane, in the direction of flow, in addition to twice
their normal component. It is this transfer of momentum parallel to
the plane that produces the viscous drag on the plane, and will cause
it to move in the direction of flow if not retarded by other forces.
Both the kinetic pressure and the viscosity, then, are the result of the
transfer of molecular momentum, and differ only as to the direction of
this momentum, whether normal or parallel to the plane. It is logical
that these two quantities should be proportional to each other and
that the ratio pk/Pi in Equation (20) can be replaced by the ratio of
the coefficient of viscosity I to the coefficient of viscosity at the same
temperature, but at a pressure sufficiently low so that it is independ-
ent of pressure. This pressure has been taken as atmospheric for con-
venience, and the corresponding coefficient of viscosity is designated by
pi. Then,
C =P (21)
JAI Pi
The analogy between viscosity and kinetic pressure, as well as
methods for calculating the kinetic pressure from equations of state,
have been pointed out by others. Boyd3 shows that the relation
ft/ý- =- pk/pi is valid for nitrogen within the accuracy of his data.
Phillips24 discusses the kinetic pressure and shows that it can be ob-
tained from equations such as van der Waal's within the limits of the
accuracy of these equations. Van der Waal's equation is
RT a
= V- - - (22)S-a and b are constants.
where a and b are constants.
ph = RT/(V - b).
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Boyd used the Beattie-Bridgeman equation to determine pk more
accurately. In this equation
RT Bo b c ] Ao a
p- 1  1 - ) 1 - - 1 - (23)V V V VTT V2  V
where Ao, a, Bo, b, and c are constants. The first term on the right is
the kinetic pressure p7. The constants in these equations must be de-
termined independently for each compound, and they are therefore
only useful on those compounds for which considerable high-pressure
data exist. A more generally useful method of predicting the viscosity
ratio can be developed from the concept of corresponding states.
When one compound is compared with another at the same ab-
solute temperature and pressure, there is little similarity between their
properties. However, if these compounds are compared at absolute
temperatures and pressures, such that the ratios of the absolute
temperature to the critical temperature of each compound are equal
and the ratios of the absolute pressure to the critical pressures of each
compound are also equal, then the properties of the two compounds
show greater similarity. The two are said to be in corresponding states.
The ratio of the absolute temperature to the critical temperature,
T/Tc, is called the "reduced temperature" Tr, and the ratio of the
absolute pressure to the critical pressure, the "reduced pressure" pr.
The compressibility factor (C = pV/RT) has been shown 46 to be ap-
proximately the same for a wide variety of compounds when in cor-
responding states. This suggests that the ratio pk/pi, or the equivalent
viscosity ratio j/A1, should also be the same in corresponding states.
It can be shown that the viscosity ratio is a function of the reduced
temperature and pressure if the viscosity is related to the other vari-
ables according to the following equation:
f' (, p, T, a, b) = 0 (24)
where a and b are constants other than the molecular weight de-
pending on the nature of the gas. From the shape of the viscosity-
pressure isotherms
- 0, -) = 0
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at the critical. These facts permit two more equations to be written,
f" ( T, , p, a, b) = 0 (25)
f'" (ac, T,, p., a, b) = 0. (26)
At low pressures the viscosity is independent of the pressure
(au/A9p)T= 0;
f"" (^, T, a, b) = 0. (27)
Combining Equations (24), (25), (26), and (27) eliminates a, b, and
jc, giving
f'"" (A, p1, T, T,, p, pe) = 0. (28)
By dimensional analysis it is apparent that Equation (28) can be
rearranged to the following:
S=f , = f (T,, p,). (29)
Hence the viscosity ratio can be expressed as a function of the re-
duced temperature and pressure if the viscosity can be represented
by an equation with only two constants other than the molecular
weight which depend on the nature of the gas. When the viscosity
cannot be represented by such an equation the agreement with Equa-
tion (29) must be demonstrated by an empirical correlation.
The conditions under which Equation (29) is valid are such that
no simple form of the function will hold for all gases over a wide
range of reduced temperature and pressure. However, the function can
be represented graphically over the complete range. Just how well the
method of corresponding states can represent the data for a wide
variety of gases must be determined by constructing a graphical cor-
relation using experimental data.
13. Viscosity Data Available.-The published data on the effect
of pressure on the viscosity of gases are not extensive, and unfortu-
nately some of the results are not very accurate. In order to use these
data in preparing a correlation of the effect of pressure on the vis-
cosity of gases a critical selection was made. The data that are avail-
ble are listed in Table 5 with the investigator, the method used, and
the range covered.
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TABLE 5
VISCOSITY DATA AVAILABLE
Investigator
Carbon dioxide
Methane
Ethylene
Propane
Normal butane
Isobutane
Ethane
Ammonia
Sulphur dioxide
Methyl chloride
Nitrogen
Air
Ethyl ether
Steam
Gas
The data on carbon dioxide are fairly consistent. For example,
the data of Phillips, 23 Stakelbeck, 43 and this investigation agree closely
over most of the pressure range with a maximum difference of 10 per
cent at 80 atmospheres. The data by Schroer and Becker 35 are in dis-
agreement with the data obtained by the other investigators by over
20 per cent in some instances. Their data also show that the kinematic
viscosity of liquid carbon dioxide decreases with increasing pressure
where the other investigators found that it increased. In view of these
differences their data are probably in error. Naldreth and Maas21 made
a few determinations of the viscosity of carbon dioxide near its critical.
Their results are approximately 10 per cent higher than Stakelbeck's,
but agree closely with the results of this investigation.
Phillips
Stakelbeck
Schroer and Becker
Naldreth and Maas
This investigation
Sage and Lacey
Bicher and Katz
This investigation
Mason and Maas
This investigation
Sage and Lacey
Smith and Brown
Bicher and Katz
This investigation
Sage, Yale, and Lacey
Sage, Yale, and Lacey
Smith and Brown
Stakelbeck
Stakelbeck
Stakelbeck
Boyd
Michels and Gibson
Ruckes
Nasini and Pastonesi
Wildhagen
Schroer and Becker
Speyerer
Schiller
Hawkins, Solberg, and Potter
Shugayev
Sigwart
Hawkins, Solberg, and Potter
Method Used
Capillary
Falling-body
Falling-body
Oscillating-disc
Capillary
Rolling-ball
Rolling-ball
Capillary
Oscillating-disc
Capillary
Rolling-ball
Rolling-ball
Rolling-ball
Capillary
Rolling-ball
Rolling-ball
Rolling-ball
Falling-body
Falling-body
Falling-body
Capillary
Capillary
Capillary
Capillary
Capillary
Falling-body
Capillary
Nozzle
Falling-body
Capillary
Capillary
Capillary
Highest
Pressure Temperature
Atmos- Range deg. C.
pheres
120 20 to 40
120 -15 to 40
98 20
Near the critical
137 40
170 37.7 to 104.5
340 25 to 225
171 30 to 95
Near the critical
171 30 to 95
137 37.7 to 104.5
340 21.9 to 190
340 25 to 225
41.8 30 to 104.5
20.4 21.1 to 121
20.4 21.1 to 121
340 15 to 200
22 -20 to 80
6.0 -20 to 40
7.0 -20 to 30
190 30 to 70
1000 50 to 75
39.3
200 14
200
75 184.5 to 235
10 to 348
30 to 282
238 to 528
93 to 400
270 to 400
238 to 528
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Sage and Lacey's 31 data on methane show a greater increase in
viscosity with pressure than the data obtained in this investigation.
The difference between the two sets of data is as great as 20 per cent
at some points. Sage and Lacey encountered turbulence in their rolling-
ball instrument, and their results are probably in error due to their
method of calibration in the turbulent region (see Appendix D). The
results of Bicher and Katz2 with the rolling-ball method are likewise
probably in error for the same reason.
There have been no determinations of the effect of pressure on the
viscosity of ethylene other than in this investigation. Mason and
Maas16 obtained values for ethylene near the critical density only
which agree within 0.4 per cent with the data obtained in this
investigation.
Besides the work on the viscosity of propane in this investiga-
tion, measurements have been made by Sage and Lacey"0 and by Smith
and Brown 41 using a rolling-ball viscometer. In both these investiga-
tions turbulence was encountered over part of the pressure range, and
the results are not in agreement with the results of this investigation.
It is shown in Appendix D that by using a different method of calibra-
tion in the turbulent region the data of Sage and Lacey can be made
to agree with the results of this investigation. Although their results
may be in error by as much as 60 per cent in the turbulent region,
their results with laminar conditions of flow are probably quite satis-
factory. Bicher and Katz,2 using the apparatus constructed by Smith
and Brown, repeated the measurements on propane correcting for a
slight temperature effect on the calibration. Their results differ from
Smith and Brown by a numerical average of 8 per cent.
Sage, Yale, and Lacey's 33 data on n-butane and iso-butane ob-
tained by the rolling-ball method are the only data available on the
effect of pressure on the viscosity of these gases. In view of the recal-
culations made on their data for propane it is probable that their
results show too great an increase with pressure, since they en-
countered turbulence over most of the pressures covered.
Smith and Brown also investigated the effect of pressure on the
viscosity of ethane using a rolling-ball viscometer. Both laminar and
turbulent flow conditions were encountered in their measurements.
Where the conditions were laminar their results are probably accurate.
Where the conditions were turbulent their results should not be
accepted until they have been verified by some other method.
Stakelbeck made determinations on ammonia, sulphur dioxide, and
methyl chloride. Since his results on carbon dioxide agree so well with
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those of Phillips and of this investigation, his results can probably be
accepted as being of reasonable accuracy.
The effect of pressure on the viscosity of nitrogen was determined
by Boyd 3 and by Michels and Gibson. 20 The results of the two
investigations differ by approximately 10 per cent. The work of
Michels and Gibson was much more carefully done and their data will
be accepted as the most accurate.
The viscosity of air at elevated pressures was first investigated by
Ruckes. 27 However, it was pointed out by Wildhagen 47 that he did not
have laminar flow in his capillary over the whole range of pressures
investigated. Wildhagen made some determinations and found only
a 4-per-cent rise in viscosity from 1 to 40 atmospheres, whereas
Ruckes found a 20-per-cent rise from 1 to 15 atmospheres at the same
temperature. Both of these investigators used the steady-state flow
method, where the pressure difference across the capillary was meas-
ured by a manometer. Since the rate of flow and the pressure drop
were small, it was difficult to measure the pressure difference ac-
curately. Using a Rankine viscometer Nasini and Pastonesi 22 found
only a 7.5-per-cent increase in viscosity from 1 to 80 atmospheres, a
much smaller effect than noted by either of these other investigators.
Since the smaller effect is in close agreement with the data on nitrogen
by Michels and Gibson, it is accepted as being the most accurate.
Schroer and Becker made a few determinations on ethers using
their falling-body viscometer. They took readings at only a few pres-
sures in the range of 25 to 75 atmospheres, and when these are extra-
polated to atmospheric pressure they give 200 micropoises at 205 deg.
C. and 198 micropoises at 215 deg. C. for ethyl ether. The viscosity
at 212.5 deg. C. as given by the International Critical Tables is 122
micropoises. Because of this discrepancy, and the fact that their data
for carbon dioxide do not agree with that of other investigators, their
results should not be accepted.
Numerous experimenters have determined the viscosity of steam.
Speyerer 42 made measurements at 10 atmospheres and 348 deg. C. with
a capillary viscometer. Schiller 34 published data for superheated steam
for pressures up to 30 atmospheres and temperatures to 282 deg. C.
His measurements were made with a discharge nozzle calibrated with
water. Hawkins, Solberg and Potter' made an extensive investigation
of the viscosity of steam for pressures up to 3500 p.s.i. and tempera-
tures up to 528 deg. C. using a falling-body viscometer. Their pressure-
viscosity isotherms showed a decided increase of viscosity with pres-
sure. Shugayev 38, 39 made determinations on steam for pressures up to
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93 atmospheres and temperatures up to 400 deg. C. Within the
accuracy of his results he found the viscosity to be independent of the
pressure, whereas Hawkins, Solberg, and Potter found that over the
same pressure range and at the same temperature the viscosity doubled.
Sigwart, 40 using a capillary type viscometer, made measurements on
water and steam through the critical region to 270 atmospheres and
to 400 deg. C. His results are in agreement with Shugayevs results,
showing only a 5-per-cent increase from 1 to 93 atmospheres at 400
deg. C.
Because of the disagreement among the different investigators,
Hawkins, Solberg, and Potter10 constructed a new viscometer of the
capillary type. They used a capillary tube 103.2 feet long and with
0.25-in. outside diameter and 0.091-in. inside diameter made of seam-
less nickel tubing. The capillary was wound in a 2.5-ft. coil for con-
venience. Their results calculated from Poiseuille's law seemed to
corroborate their 1935 results made with the falling-body instrument.
However, they found that Poiseuille's law did not hold for a coiled
tube above a Reynolds number of 200. Their results, recalculated to
take into account the curvature of the capillary, are more in agreement
with those of Sigwart but still show a somewhat greater increase with
pressure.
It is probable that Sigwart's data on steam are the best available
at this time. However, because of the inherent errors in his experi-
mental procedure, as pointed out by Hawkins, Solberg, and Potter,9
his results cannot be accepted until they have been verified by
further work.
14. Preparation of Viscosity Ratio Correlation.-In order to test a
correlation of the viscosity data, it was necessary to discard any data
which were obviously in error or questionable. Table 6 gives a sum-
mary of the data used. Data obtained with the rolling-ball viscometer
were used only if the measurements were made under laminar flow
conditions. None of Schroer and Becker's data was included, nor were
any of the data on steam, although Sigwart's data were found to fit the
final correlation fairly well. Boyd's data on nitrogen were not used,
because Michels and Gibson's data covered a much greater range of
pressures. Air, being a mixture, was left out of the correlation although
it fits in fairly well. Stakelbeck's data on ammonia, sulphur dioxide,
and methyl chloride did not reach a high enough reduced pressure to
be included.
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TABLE 6
VISCOSITY-TEMPERATURE-PRESSURE DATA USED FOR CORRELATION
Pressure Range Temperature Range
Gas Investigators
Pressure Reduced Degrees Reduced
Atmospheres Pressure Centigrade Temperature
CO2  This Investigation 4.40-137 0.060-1.884 40 1.030Phillips 1.00-112 0.014-1.534 20-40 0.963-1.030
Stakelbeck 5.00-120 0.070-1.650 -10-40 0.865-1.030
C2H 4  This Investigation 4.40-137 0.086-2.69 40 1.107
This Investigation 5.08-171 0.100-3.35 30-95 1.071-1.300
CH 4  This Investigation 4.40-171 0.096-3.73 30-95 1.590-1.931Ns Michels and Gibson 10.95-966 0.327-28.8 25-75 2.365-2.76
Calls This Investigation 4.40-41.8 0.102-0.973 30-104.5 0.882-1.024
Sage and Lacey 47.7-68 1.11-3.16 71.1-104.5 0.934-1.025
Smith and Brown 68-340 1.582-7.920 95-190 0.998-1.255
CHl6 Smith and Brown 51-340 1.046-6.97 15-75 0.948-1.141
The data for each gas were plotted as viscosity ratio against re-
duced pressure at constant reduced temperature. A cross plot was
prepared by plotting viscosity ratios for the different gases against
reduced temperature for a number of values of reduced pressure. The
average curves were drawn through the points. Curves for several
values of reduced pressure are shown in Fig. 15. The values read from
these average curves were used to construct the general correlation
shown in Fig. 16.
15. Comparison of Correlation With Data Used.-Some of the data
used in the construction of the general correlation curves are shown
plotted with the correlation curves in Fig. 17. It is seen that the fit is
very good over the whole range of reduced temperatures and pres-
sures covered. The correlation represents the data used, except for
ethane, within a few per cent, which is the accuracy claimed for most
of the data. The data for ethane fit the correlation fairly well up to
p, = 2. Above this reduced pressure the data for ethane deviated from
the correlation by as much as 10-12 per cent.
For reduced temperatures and pressures below unity the correlation
is not so accurate unless limited to similar compounds such as the
paraffin series. The reason for this, no doubt, is that at low tempera-
tures aggregation of the molecules occurs, and the behavior is more
dependent on the properties of the individual compounds.
16. Use of Correlation to Estimate Gas Viscosity at High Pressure.
-Suppose that the viscosity of carbon monoxide at 30 deg. C. and
200 atmospheres is required. The critical temperature and pressure for
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FIG. 15. GRAPH OF VISCOSITY RATIO VERSUS REDUCED TEMPERATURE
USED IN PREPARING GENERAL CORRELATION
carbon monoxide according to the International Critical Tables are
-139 deg. C. and 35 atmospheres. Then
Reduced temperature, Tr ...... (30 + 273) / (-139 + 273) = 2.26
Reduced pressure, pr........................... 200/35 = 5.7
From Fig. 16, the viscosity ratio, i/p .................. = 1.35
From the International Critical Tables, Al ............... = 180 micropoises
Viscosity at 30 deg. C. and 200 atm.......... 180 X 1.35 = 243 micropoises
It is not recommended that the correlation be used to obtain vis-
cosities when reliable data are available. However, Fig. 16 is very
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FIG. 17. COMPARISON OF CORRELATION CURVES WITH DATA
USED IN THEIR PREPARATION
convenient when high accuracy is not required, and where no data are
available. When a set of data disagrees markedly from the correlation
it is suggested that more reliance be placed on the correlation than
on the data unless the latter have been verified by independent
investigators.
17. Use of Viscosity Ratio Correlation to Predict Thermal Con-
ductivity and Diffusivity at High Pressures.-The kinetic theory has
been shown to furnish a basis for connecting the viscosity ratios with
the compressibility factors. On the same basis the thermal conductivity
depends on the rate of molecular transfer of kinetic energy and diffu-
sivity on the rate of transfer of one kind of molecules through other
molecules. However, the presence of gradients of momentum asso-
ciated with thermal conductivity and gradients of molecular concen-
tration associated with diffusivity give rise to secondary effects which
alter the normal distribution of molecular velocities. Except for these
secondary effects, the ratio of the kinetic pressure to the ideal gas
pressure pk/pi, the ratio of the viscosity to the viscosity at atmospheric
pressure /i/i, the ratio of the thermal conductivity to the thermal
conductivity at atmospheric pressure kc/ki, and the ratio of the
diffusivity to the diffusivity at atmospheric pressure D/Di would each
be expected to show the same influence of pressure. There are no high-
pressure data available for diffusivity. However, there is a small
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TABLE 7
COMPARISON OF VISCOSITY RATIO AND THERMAL CONDUCTIVITY RATIO FOR
CARBON DIOXIDE
Temperature deg. C.
Atmospheres 10 20 30 40 50
k/ki iA/pi k/ki i/si k1/ki p/la k/ki p/pi k/ki Amf
50 6.4 6.347 1.5 1.238 1.4 1.213 1.25 1.203
60 ... ..... ... 4.95 1.6 1.307 1.40 1.272
70 ... ..... 5.8 5.2 2.6 1.493 1.80 1.380
80 ... ..... 6.0 5.6 5.1 3.7 3.0 1.563
90 . ..... 6.1 ..... 5.2 4.2 .... 2.101 2.3 i.7*
*Estimated from the general correlation.
amount of data on the thermal conductivity of carbon dioxide at high
pressures obtained by Sellschopp. 37 Table 7 compares the viscosity
ratio with the thermal conductivity ratio for C02.
The values for t/tl in Table 7 were obtained from the data of
Phillips and Stakelbeck. The table indicates that the viscosity ratio
and the thermal conductivity ratio are of the same order of magnitude.
The thermal conductivity ratio is higher in all cases. Before any con-
clusions can be drawn more data must be obtained to test the simi-
larity of these ratios.
APPENDIX A
CALIBRATION OF THE CAPILLARY
An accurate determination of the radius of the capillary is neces-
sary since it enters in its fourth power in Equation (5) used for
calculating the viscosity. The method used for calibrating the capil-
L dL
lary involves evaluating the integral / dL
A small globule of mercury with volume Vm was introduced into
the capillary where it assumed a length X which was approximately
1.5 centimeters. The value of X was then accurately determined at
various positions along the length of the capillary by means of a
horizontal cathetometer. This procedure gave a series of values of X
versus the length L. The volume of the globule of mercury is given by
Vm = X7r"2.
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Rewriting this relation
Vm Vm2
r
2 
= -- r
4 
=- . (2)
2r 2 "
Then L  L L X2d X2dL.2  (3)
o r
4  o Vm VdL. 
(3)
L
From the cathetometer data the integral f X2dL can be evaluated
graphically. The value of Vm could be obtained by weighing the small
globule of mercury and dividing by the density. However, this would
entail a great loss in accuracy, since the mercury weighed about
0.01 gm.
Following an alternative procedure for evaluating Vm, the volume
V of a long thread of mercury occupying the arbitrary position from
point 1 to point 2 in the capillary is given by
V = 7r r2dL = 7r - = Vm - (4)
fi f \Xr X
or, solving for Vm,
Vm 2 (5)
f x
Substituting this expression for Vm in Equation (3)
L dL 7r2 2 dL 2 fL
2 dL *J 0
The values of the integrals -- and X2dL were obtained graphi-
cally, as shown in Figs. 18 and 19, which are for viscometer No. II.
The volume V was obtained by weighing the long thread of mercury
and dividing the weight by the density. Since V weighed about 0.5
gm., the accuracy was satisfactory.
The entrance to the capillary was well rounded, so that it was diffi-
cult to determine the length L exactly. The ends were taken at the
points where the lengths of mercury globule started to decrease rapidly.
50 ILLINOIS ENGINEERING EXPERIMENT STATION
APPENDIX B
EXPERIMENTAL DATA
TABLE 8
VISCOSITY OF CARBON DIOXIDE
Viscometer No. I
Mean
Weight Pressure Number Time of Density Viscosity Reynolds
of Pelle p.s.i. of Trials Fall gm/liter micropoises Number
in. sec.
40 deg. C.
1.614
1.614
1.614
1.614
2.466
2.466
2.466
2.466
2.466
2.466
2.466
2.466
2.466
3.857
3.857
3.857
3.857
3.857
3.857
4.156
4.156
4.156
4.156
4.156
4.156
4.156
4.515
4.515
64.7
714.7
989.7
1314.7
64.7
414.7
714.7
814.7
989.7
1164.7
1314.7
1514.7
2014.7
64.7
414.7
714.7
814.7
989.7
1164.7
64.7
714.7
989.7
1164.7
1314.7
1514.7
2014.7
64.7
714.7
6
5
6
10
8
8
6
8
6
7
11
6
6
6
5
4
6
4
4
13
6
6
7
6
6
7
6
9
347.7
378.8
419.7
835
224.2
244.4
254.2
275.1
301.3
354.5
552
772
998
150.2
154.2
166.8
172.4
188.0
216.5
131.2
151.0
172.7
208.0
320
436
583
123.1
143.1
8
111
191
516
8
55
111
135
191
288
516
653
765
8
55
111
135
191
288
8
111
191
288
516
653
765
8
111
159.5
172.4
189.8
367.8
160.4
174.2
180.4
194.9
212.5
248.1
379.5
524.9
672.3
170.4
174.3
187.7
193.6
210.3
240.4
161.2
183.4
208.5
249.2
376.7
507.7
672.7
164.0
189.2
15
178
255
176
23
135
254
264
313
344
258
169
143
33
215
372
424
507
580
40
420
556
582
449
309
205
430
42
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TABLE 9
VISCOSITY OF ETHYLENE
Viscometer No. I
Weiht Mean
of Pellet Pressure Number Time of Density Viscosity Reynolds
of Pellet p.s.i. of Trials Fall gm/liter micropoises Numbergin. 
sec.
40 deg. C.
64.7
414.7
714.7
814.7
989.7
1164.7
1314.7
1514.7
2014.7
64.7
414.7
2.466 714.7
814.7
1164.7
1514.7
64.7
414.7
714.7
814.7
989.7
64.7
414.7
714.7
814.7
989.7
1164.7
6
6
6
6
6
6
5
6
4
6
6
6
8
6
6
8
7
6
6
4
8
7
6
6
10
6
1314.7 5
1514.7 8
2014.7 6
64.7 10
414.7 12
714.7 6
814.7 6
248.1
265.0
297.1
313.9
363.0
449.8
548.5
657
842
157.2
170.8
188.5
199.7
287.0
435.5
114.3
122.8
137.8
146.2
167.7
90.5
100.0
114.4
122.2
140.4
177.7
218
261
332
78.3
85.1
3.75
23.0
73.5
91.0
128.8
184.0
229.5
267.5
318.0
3.75
23.0
73.5
91.0
184.0
267.5
3. 75
23.0
73.5
91.0
128.8
3.75
23.0
73.5
110.8
118.3
132.0
139.3
160.6
198.1
240.8
287.4
366.8
110.6
120.0
131.9
139.5
199.1
300.1
109.5
117.5
131.4
139.2
159.2
109.8
121.1
138.0
91.0 147.2
128.8 168.6
184.0 212.6
229.5 259.8
267.5 310.1
318.0 392.9
3.75 109.6
14
77
197
218
231
217
182
149
108
23
118
310
342
337
215
31
167
426
469
506
40
199
488
530
570
511
425
346
256
46238Q
96.6 73.5 134.6 593
102.6 91.0 142.7 651
1164.7 7 1 146.9 128.8 203.0 647
1514.7 6 215.0 184.0 295.0 442
1.614
1.614
1.614
1.614
1.614
1.614
1.614
1.614
1.614
2.466
2.466
2.466
2.466
2.466
3.312
3.312
3.312
3.312
3.312
4.156
4.156
4.156
4.156
4.156
4.156
4.156
4.156
4.156
4.780
4.780
4.780
4.780
4.780
4.780
I
2.
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TABLE 10
VISCOSITY OF ETHYLENE
Viscometer No. II
Nume Mean
Weight Pressure Number Time of Density Viscosity Reynolds
ofPellet p.s.i. of Trials Fall gm/liter micropoises Numbergui. see.
30 deg. C.
4.995 74.7 4 104.2 5.74 106.0 123
4.995 414.7 4 111.6 38.7 113.8 723
4.995 714.7 4 128.4 81.7 131.1 1150
4.995 814.7 4 139.2 102.5 141.9 1230
4.995 989.7 4 173.2 163.2 176.3 1270
4.995 1164.7 4 247.7 245.8 251.0 930
4.995 1314.7 2 293.3 285.3 296.9 805
2.489 74.7 2 215.7 5.74 105.9 59.6
2.489 414.7 4 227.0 38.7 112.4 359
2.489 714.7 2 258.8 81.7 128.8 580
2.489 814.7 2 280.0 102.5 139.3 623
2.489 989.7 2 359.2 163.2 178.7 602
2.489 1164.7 2 519.9 245.8 258.1 435
2.489 1314.7 2 628.8 285.3 312.6 343
2.489 1514.7 2 720.9 314.7 359.2 289
2.489 2014.7 2 868.2 355.0 434.7 223
40 deg. C.
4.995 74.7 4 106.2 5.54 107.6 115
4.995 414.7 4 114.5 36.3 116.2 646
4.995 714.7 2 132.7 73.4 134.9 973
2.489 74.7 4 221.9 5.54 108.0 54.8
2.489 414.7 2 234.1 36.3 114.7 321
2.489 714.7 2 262.1 73.4 129.2 513
2.489 814.7 2 278.9 89.8 137.5 555
2.489 989.7 4 325.4 127.8 160.4 580
2.489 1164.7 2 408.4 181.2 201.9 520
2.489 1314.7 2 493.3 226.7 243.7 447
2.489 1514.7 2 606.2 273.3 299.7 357
3.519 74.7 4 154.0 5.54 108.3 78.8
3.519 414.7 4 161.9 36.3 114.2 465
3.519 714.7 2 180.3 73.4 127.7 755
3.519 814.7 4 192.6 89.8 136.3 811
3.519 989.7 2 223.2 127.8 157.9 858
3.519 1164.7 4 280.6 181.5 198.6 772
3.519 1314.7 2 358.1 226.7 253.0 595
50 deg. C.
3.504 74.7 4 158.3 6.3 107.8 87.5
3.504 414.7 4 168.8 35.3 116.3 425
3.504 714.7 4 190.3 67.8 132.2 638
3.504 814.7 4 197.5 81.5 137.4 725
3.504 989.7 4 214.3 110.3 149.7 817
3.504 1164.7 4 237.9 147.0 166.9 877
3.504 1314.7 4 266.8 182.6 187.4 865
3.504 1514.7 2 319.5 229.4 225.8 752
3.504 2014.7 2 444.0 299.1 315.8 506
5.003 74.7 4 111.8 6.3 111.3 120
5.003 414.7 4 119.7 35.3 120.0 580
5.003 714.7 4 129.4 67.8 130.4 950
5.003 814.7 4 134.6 81.5 135.8 1060
5.003 989.7 4 149.3 110.3 150.9 1165
5.003 1164.7 4 170.7 147.0 172.9 1180
5.003 1314.7 4 197.2 182.6 199.8 1100
5.003 1514.7 2 238.5 229.4 242.3 968
5.003 2014.7 2 318.7 299.1 324.9 687
VISCOSITY OF GASES AT HIGH PRESSURES
TABLE 10-CONTINUED
VISCOSITY OF ETHYLENE
Viscometer No. II
Weight ' Mean
of Peeight Pressure Number Time of Density Viscosity Reynoldsgm.of ellet p.s.i. of Trials Fall gm/liter micropoises Number
gin. sec.
50 deg. C.-Continued
2.094 74.7 4 288.8 6.3 111.1 46.5
2.094 414.7 2 314.3 35.3 123.7 215
2.094 714.7 4 326.8 67.8 130.7 376
2.094 814.7 2 340.5 81.5 136.7 415
2.094 989.7 2 373.9 110.3 151.4 462
2.094 1164.7 2 423.0 147.0 173.0 475
2.094 1314.7 2 487.1 182.6 200.1 443
2.094 1514.7 2 587.7 229.4 244.4 380
4.264 74.7 4 130.5 6.3 109.6 105
4.264 414.7 2 137.7 35.3 116.8 520
4.264 714.7 2 150.8 67.8 128.7 828
4.264 814.7 4 157.8 81.5 134.9 907
4.264 989.7 2 175.0 110.3 150.1 995
4.264 1164.7 2 204.0 147.0 175.5 973
4.264 1314.7 2 235.4 182.6 202.6 907
4.264 1514.7 2 284.5 I 229.4 245.9 778
70 deg. C.
3.504 74.7 6 173.2 5.1 118.0 58.7
3.504 414.7 4 180.8 30.8 124.3 325
3.504 714.7 4 193.2 59.2 133.6 543
3.504 814.7 4 199.2 70.1 138.1 603
3.504 989.7 2 212.0 91.1 147.4 691
3.504 1164.7 4 230.0 114.9 160.6 737
3.504 1314.7 4 248.4 138.1 173.6 759
3.504 1514.7 4 273.6 170.5 191.9 769
3.504 2014.7 2 361.3 241.3 255.8 618
95 deg. C.
2.545 414.7 6 264.0 28.4 128.4 198
2.545 714.7 6 284.0 51.8 139.1 311
2.545 814.7 6 291.6 60.6 143.0 345
4.998 814.7 6 141.6 60.6 142.1 715
4.998 989.7 6 149.3 76.9 150.0 815
4.998 1164.7 6 158.2 94.7 159.2 894
4.998 1314.7 4 167.6 111.5 168.9 937
4.998 1514.7 4 179.4 134.5 181.1 977
4.998 1814.7 2 206.8 169.5 209.2 930
3.493 74.7 4 186.4 4.7 125.8 48
3.493 414.7 6 190.8 28.4 130.7 271
3.493 714.7 4 201.4 51.8 138.8 442
3.493 814.7 4 206.9 60.6 142.6 488
3.493 989.7 6 216.4 76.9 149.5 565
3.493 1164.7 6 228.0 94.7 158.0 623
3.493 1314.7 6 240.8 111.5 167.1 658
3.493 1514.7 4 260.7 134.5 181.6 671
3.493 1814.7 6 294.7 169.5 206.2 662
3.493 2014.7 6 321.4 191.8 225.0 630
2.219 1164.7 4 373.4 94.7 159.5 377
2.219 1314.7 4 392.6 111.5 168.3 401
2.219 1514.7 4 423.7 134.5 182.8 413
2.219 1814.7 4 477.6 169.5 207.9 405
2.219 2014.7 4 523.0 191.8 228.0 382
2.219 2514.7 2 632.0 240.4 277.3 326
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TABLE 11
VISCOSITY OF METHANE
Viscometer No. II
Mean
Seight Pressure Number Time of Density Viscosity Reynolds
of Pell p.s.i of Trials Fall gm/liter micropoises Number
°g . sec.
30 deg. C.
2.4937 64.7
2.4937
2.4937
2.4937
2.4932
2.4932
2.4932
2.4932
2.4932
3.4790
3.4790
3.4790
3.4790
3.4790
3.4790
3.4790
5.0116
5.0116
5.0116
5.0116
5.0116
5.0116
5.0116
414.7
614.7
814.7
1014.7
1214.7
1414.7
1714.7
2014.7
64.7
414.7
614.7
814.7
1014.7
1214.7
1414.7
64.7
414.7
614.7
814.7
1014.7
1214.7
1414.7
5.0116 1 1714.7
5.0116 2014.7
4
4
4
4
4
4
4
4
2
6
4
2
,4.
246.0
248.8
254.0
261.6
270.8
282.2
295.6
314.2
336.1
166.8
173.1
181.0
186 .4.
2 192.0
4 198.0
2 205.6
4 112.6
4 116.4
4 120.2
4 123.8
4 128.1
4 132.2
3.0
18.5
28.0
39.0
49.0
60.0
72.0
90.0
107.0
3.0
18.5
28.0
39.0
49.0
60.0
72.0
3.0
18.5
28.0
39.0
49.0
60.0
4 137.8 72.0
2 146.8 90.0
2 156.8 107.0
113.5
115.5
118.3
122.2
127.0
132.6
139.3
148.4
159.5
111.6
116.2
121.8
125.7
129.7
133.8
139.2
111.5
115.5
119.4
123.1
127.5
131.7
137.4
146.3
156.5
25.4
152
221
289
337
380
415
486
474
38.2
218
301
394
466
535
598
56.8
326
463
607
710
814
903
991
1035
50 deg. C.
2.4932 64.7
2.4932 414.7
2.4932 614.7
2.4932 814.7
2.4932 1014.7
2.4930 1214.7
2.4930 1414.7
2.4930 1714.7
5.0113 64.7
5.0113 414.7
5.0113 614.7
5.0113 814.7
5.0113 1014.7
5.0113 1214.7
5.0113 1414.7
5.0113 1714.7
5.0113 2014.7
3.5026 64.7
3.5026 414.7
3.5026 614.7
3.5026 814.7
4
4
4
4
4
4
2
4
4
4
4
4
4
4
4
4
4
253.2 2.7 117.9 21.4
259.8 17.5 121.7 131
266.5 26.5 125.3 188
288.2 55.0
301.6 65.0
316.8 80.0
119.3 2.7
122.4 17.5
125.6 26.5
128.6 36.0
132.4 45.0
136.2 55.0
141.1 65.0
148.3 80.0
156.5 95.0
4 173.5 2.7
4 177.5 17.5
4 181.7 26.5
4 186.6 36.0
3.5026 1014.7 4 193.2 45.0
3.5026 1214.7 4 201.5 55.0
3.5026 1414.7 4 208.7 65.0
3.5026 1714.7 4 220.0 80.0
3.5026 2014.7 4 232.9 95.0
2,3.4 36.0 129.0
282.4 45.0 133.8
137.0
143.9
152.0
118.7
122.0
125.3
128.5
132.4
136.3
141.4
148.9
157.3
117.6
120.8
123.9
127.4
232
283
331
355
394
45.2
278
400
516
608
703
772
860
913
31.4
193
279
359
132.2 418
138.1 469
143.4 515
151.7 568
160.8 600
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TABLE 11-CONTINUED
VISCOSITY OF METHANE
Viscometer No. II
Mean
Weight Pressure Number Time of Density Viscosity Reynolds
of Pellet p.s.i. of Trials Fall gm/liter micropoises Number
gm. sec.
70 deg. C.
2 268.2 2.5
24.0
33.0
42.0
51.0
60.0
73.0
87.0
2.5
16.0
24.0
33.0
42.0
51.0
60.0
73.0
87.0
2.5
16.0
24.0
33.0
42.0
51.0
60.0
73.0
87.0
2.5
14.2
22.8
30.5
39.0
47.0
54.5
66.0
78.0
2.5
14.2
22.8
30.5
39.0
47.0
4 149.4 54.5
4 154.7 66.0
4 160.2 78.0
2 172.4 97.5
4 194.8 2.5
4 198.2 14.2
4 201.5 22.8
4 205.4 30.5
4 210.0 39.0
4 213.4 47.0
4 218.4 54.5
4 225.4 66.0
4 233.6 78.0
126.1
130.4
132.7
135.3
138.4
141.9
146.4
152.9
160.5
126.6
128.6
131.8
134.9
138.5
142.3
147.0
153.8
160.8
17.5
105
153
203
246
285
316
354
383
37
229
328
431
520
598
660
734
800
2.4929
2.4929
2.4929
2.4929
2.4929
2.4929
2.4929
2.4929
2.4929
5.0113
5.0113
5.0113
5.0113
5.0113
5.0113
5.0113
5.0113
5.0113
3.5026
3.5026
3.5026
3.5026
3.5026
3.5026
3.5026
3.5026
3.5026
136.7 15.4
137.1 87
141.1 132
143.6 171
146.8 209
149.3 244
152.5 271
157.1 313
162.4 344
134.1 33.2
136.9 181
139.1 280
141 6 363
144.2
146.8
150.3
155.8
161.2
173.5
134.0
136.6
138.9
141.6
144.9
147.3
150.9
446
519
573
654
716
772
22.7
124
193
248
304
355
391
10056.0 448
161.7 490
64.7
414.7
614.7
814.7
1014.7
1214.7
1414.7
1714.7
2014.7
64.7
414.7
614.7
814.7
1014.7
1214.7
1414.7
1714.7
2014.7
64.7
414.7
614.7
814.7
1014.7
1214.7
1414.7
1714.7
2014.7
129.5 24.2
130.9 151
135.1 213
139.2 277
142.5 337
146.3 388
151.1 428
158.2 475
166.0 515
2
4
2
2
2
2
2
4
4
4
6
4
2
4
4
4
4
2
2
4
4
4
4
4
4
281.1
285.7
291.7
298.8
307.5
319.9
334.8
126.7
128.6
131.8
134.8
138.4
142.2
146.7
153.2
160.2
189.8
191.5
197.5
203.2
207.8
213.2
219.9
229.7
240.7
95 deg. C.
4 282.2
4 282.1
4 290.0
4 295.0
2 301.1
4 306.2
4 312.2
2 320.8
2 331.3
4 133.5
4 136.1
4 138.3
4 140.9
4 143.4
4 146.1
2.5343
2.5343
2.5343
2.5343
2.5343
2.5343
2.5343
2.5343
2.5343
5.0113
5.0113
5.0113
5.0113
5.0113
5.0113
5.0113
5.0113
5.0113
5.0113
3.5026
3.5026
3.5026
3.5026
3.5026
3.5026
3.5026
3.5026
3.5026
64.7
414.7
614.7
814.7
1014.7
1214.7
1414.7
1714.7
2014.7
64.7
414.7
614.7
814.7
1014.7
1214.7
1414.7
1714.7
2014.7
2514.7
64.7
414.7
614.7
814.7
1014.7
1214.7
1414.7
1714.7
2014.7
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TABLE 12
VISCOSITY OF PROPANE
Viscometer No. II
Weight Mean
of Pellet Pressure Number Time of Density Viscosity Reynoldsgm. p.s.. of Trials Fall gm/liter micropoises Number
.
see.
30 deg. C.
4.008 64.7 4 102.9 8.38 79.9 242
4.008 114.7 4 103.8 15.9 80.5 452
4.008 139.7 4 104.3 20.4 81.0 572
4.486 64.7 4 92.8 8.38 81.5 263
4.486 114.7 4 93.0 15.9 81.7 498
4.486 139.7 4 93.0 20.4 81.8 635
37.7 deg. C.
3.014 64.7 2 145.9 8.13 83.2 159
3.014 114.7 4 146.9 15.3 83.7 295
3.014 164.7 4 147.5 24.2 84.5 463
4.486 64.7 4 94.2 8.13 83.0 247
4.486 114.7 4 94.7 15.3 83.5 461
4.486 164.7 4 95.7 24.2 84.5 712
54.4 deg. C.
2.252 64.7 6 215.9 7.62 88.8 94
2.252 114.7 2 216.8 14.2 89.7 173
2.252 164.7 2 218.4 21.7 90.6 260
2.252 214.7 4 218.6 30.3 91.5 358
2.252 264.7 2 221.6 40.1 93.2 460
3.014 214.7 2 158.7 30.3 91.5 495
71.1 deg. C.
2.535 64.7 2 195.3 7.21 92.5 95
2.535 114.7 2 197.8 13.3 94.0 170
2.535 164.7 4 199.5 20.0 95.2 251
2.535 214.7 2 200.6 27.5 96.0 341
2.535 264.7 2 204.1 35.9 98.5 430
2.469 64.7 2 203.3 7.21 93.3 90
2.469 114.7 2 206.5 13.3 95.2 161
2.469 164.7 2 208.4 20.0 96.5 237
2.469 214.7 4 208.4 27.5 96.8 325
2.469 264.7 4 211.0 35.9 98.3 414
3.014 64.7 4 164.6 7.21 94.4 110
3.014 114.7 4 164.2 13.3 94.5 203
3.014 164.7 2 163.8 20.0 94.5 307
3.014 214.7 4 164.4 27.5 95.3 420
3.014 264.7 2 169.9 35.9 98.7 512
3.014 314.7 2 173.1 46.2 100.7 635
87.7 deg. C.
2.469 64.7 4 210.5 6.81 97.7 78
2.469 114.7 4 212.6 12.5 99.0 141
2.469 214.7 4 216.8 25.2 101.3 272
2.469 314.7 4 223.8 41.1 105.0 414
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TABLE 12-CONTINUED
VISCOSITY OF PROPANE
Viscometer No. II
Weight Mean
Weight Pressure Number Time of Density Viscosity Reynolds
of Pellet p.s.i. of Trials Fall gm/liter micropoises Numbergm. sec.
87.7 deg. C.-Continued
4.486 64.7 4 110.4 6.81 98.0 149
4.486 114.7 4 111.1 12.5 98.7 270
4.486 214.7 4 112.8 25.2 100.5 528
4.486 314.7 4 123.5 41.1 110.1 733
4.486 414.7 2 133.6 63.7 119.2 947
104.5 deg. C.
3.014 64.7 4 175.9 6.49 102.3 84
3.014 114.7 4 175.8 11.8 102.7 152
3.014 214.7 4 178.1 23.4 104.6 293
3.014 314.7 4 182.5 37.5 107.8 447
3.014 414.7 2 194.3 54.8 115.5 577
4.008 64.7 4 131.5 6.49 103.9 111
4.008 114.7 4 133.0 11.8 105.3 196
4.008 214.7 4 133.7 23.4 106.5 386
4.008 314.7 2 136.0 37.4 108.6 596
4.008 414.7 2 144.6 54.8 116.0 773
4.008 514.7 2 154.7 75.5 124.7 928
4.008 614.7 2 195.6 111.0 157.5 853
3.016 64.7 2 172.8 6.49 100.8 86
3.016 114.7 2 175.7 11.8 102.7 152
3.016 214.7 4 178.9 23.4 105.2 290
3.016 314.7 2 183.7 37.4 108.7 441
3.016 414.7 4 191.8 54.8 114.0 592
3.016 514.7 2 209.0 75.5 125.0 685
3.016 614.7 2 261.0 111.0 156.3 646
TABLE 13
EXPERIMENTAL DATA FOR METHANE
Data for methane at 1200 p.s.i. (gage) and 95 deg. C. for three pellet sizes
Pellet Tempera- Time of Adjusted Mean
Mass Run Direction ture in Time of Time of
gm. No. of Fall Visometer Fall Fall Falldeg. C. see. sec. l
2.534 148 toward end B 94.9 305.6 305.6
2.534 148 toward end A 94.9 306.1 307.0
2.534 148 B 94.9 305.4 305.4
2.534 148 A 94.9 306.0 306.9 306.2
5.011 197 B 95,2 145.3 145.3
5.011 197 A 95.2 146.9 147.3
5.011 197 B 95.2 144.9 144.9
5.011 197 A 95.2 146.4 146.8 146.1
3.503 225 B 95.1 212.2 212.2
3.503 225 A 95.1 213.6 214.2
3.503 225 B 95.1 212.7 212.7
3.503 225 A 95.1 214.0 214.6 213.4
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TABLE 14
EXPERIMENTAL DATA FOR ETHYLENE
Data for ethylene at 95 deg. C. with a mercury pellet of 3.493 grams
Pressure
p.s.1.
(gage)
Tempera-
ture in
Viscometer
deg. C.
Direction
of Fall
toward end B
toward end A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
*Not averaged.
Time of
Fall
sec.
182.1
183.7
195.0
187.4
189.4
191.0
190.3
190.7
190.2
191.8
199.0
202.8
200.3
202.3
201.4
205.7
206.5
207.2
207.0
206.7
215.8
216.3
215.8
217.0
215.2
216.9
226.5
228.7
225.3
230.9
226.3
228.3
239.6
242.1
240.9
242.4
240.1
237.9
261.7
269.5
252.9
257.8
Adjusted MeanTime of Time of
Fall Fall
sec.
182.1*
183.7*
185.0
187.9 186.4
189.4
191.6
190.3
191.3
190.2
192.4 190.8
199.0
203.5
200.3
202.6
201.4* 201.4
205.7*
206.5
207.8
207.0
207.3 206.9
215.8
216.8
215.8
217.6
215.2
217.5 216.4
226.5
229.4
225.3
231.6
226.3
229.0 228.0
239.6
242.8
240.9
243.1
240.1
238.6 240.8
261.7
270.3
252.9
257.8 260.7
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APPENDIX C
CONSTANT a
It was found that the constant a decreased with increasing temper-
ature and with increasing pressure. The actual values of a obtained,
however, were very sensitive to the purity of the mercury. For example,
Fig. 20 shows the 30-, 40-, 50- and 95-deg. C. pressure against a iso-
therms for ethylene. The mercury used for the 30- and 40-deg. C.
isotherms was kept in a desiccator for a month prior to use as pellets,
whereas the mercury for the 50- and 95-deg. C. isotherm was kept in
a cork-stoppered bottle and was frequently exposed to the air. The
drier mercury gave lower values for the constant. The mercury used
for the other determinations was the same as that used for the 50- and
95-deg. C. isotherms for ethylene.
Figures 20, 21, and 22 give all the data obtained on the constant a.
The solid lines were drawn in to fit the points as closely as possible.
Where the data were insufficient to determine the slope of a line, the
line was drawn with the same slope as the other lines. In calculating
the viscosity the values of a were read from the solid lines.
APPENDIX D
THE ROLLING-BALL VISCOMETER
The rolling-ball viscometer is not suitable for the primary meas-
urement of viscosity; it must be calibrated with fluids of known vis-
cosity. The method consists of measuring the time for a closely-fitting
ball to roll a fixed distance in an inclined cylindrical tube.
When the flow pattern of the fluid passing around the ball is
laminar, it has been found that the viscosity is nearly linear in the
time of roll multiplied by a buoyancy factor (p, - p). A closely-fitting
ball is necessary to maintain laminar conditions when the fluid has a
low viscosity such as gas. The density of gases increases much more
rapidly with the pressure than does the viscosity. The Reynolds num-
ber thus increases rapidly with increasing pressure, and it is impossible
to avoid turbulent conditions over portions of the pressure range
covered.
Sage and Lacey 31 found that turbulence occurred in their appa-
ratus, and that it was necessary to recalibrate their instrument for the
turbulent range. To do this, it was necessary to make roll-time meas-
urements on gases of known viscosity at the pressure where turbulence
occurred in their instrument. These investigators chose the data of
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FIG. 20. VARIATION OF a WITH TEMPERATURE AND PRESSURE
IN PRESENCE OF ETHYLENE
Phillips 23 on CO, because of its close agreement with that of
Stakelbeck.43
Sage and Lacey based their calibration curve on the so-called
Reynolds criterion. An apparent viscosity ý was defined as the value
read from the linear calibration curve for the laminar range. The
ratio of the actual viscosity to the apparent viscosity IA/i was plotted
against the group p/tn, which is proportional to the Reynolds number.
Since ¢ is proportional to t(p, - p) to a close approximation, Sage and
Lacey's calibration is equivalent to plotting p/tt against t/t(ps - p).
The data of Sage and Lacey for the viscosity of propane show a
much greater increase with pressure than data obtained in this inves-
tigation. For example, Sage and Lacey's 104.5 deg. C. isotherm shows
an increase of 40 per cent in viscosity from atmospheric pressure to
400 p.s.i., whereas this investigation shows an increase of approxi-
mately 10 per cent. In the following discussion it is shown that the
calibration used by Sage and Lacey for the turbulent region is only
0
0
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FIG. 21. VARIATION OF a WITH TEMPERATURE AND PRESSURE
IN PRESENCE OF METHANE
approximately correct, and that their data can be recalculated to give
results more nearly in agreement with those of this investigation.
THEORY OF ROLLING-BALL VISCOMETER
By means of dimensional analysis a partial analysis of the rolling-
ball viscometer can be made. The variables that are important to the
problem are Variable Symbol Dimension
Time of roll............... t Time
Viscosity.................. A. Mass/Length X Time
Fluid density .............. p Mass/Length 3
Ball density ............... p, Mass/Length3
Diameter of tube........... di Length
Diameter of ball........... d2  Length
Length of tube.............. L Length
Acceleration of gravity
(effective) ............. g sin co Length/Time2
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FIG. 22. VARIATION OF a WITH TEMPERATURE AND PRESSURE
IN PRESENCE OF PROPANE
If the flow around the ball is laminar, it is possible to combine g
sin a) and p, into one variable, a force, F, since the motion of the ball
is unaccelerated. Choosing /A, t, d2 as independent, dimensional an-
alysis gives
Ft_ [Pd2  L dI
_= f L _ (1)
Ad2  f L t d2 d2, 
Since for a given instrument the dimensions of the apparatus are con-
stant, Equation (1) reduces to
Ft
Ft -f' (-). (2)
Taking account of the buoyant action of the fluid on the ball, F is pro-
portional to (p.-p), and, combining with Equation (2), we obtain
( --)ft / n \
. \ t/
x
i'.
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This equation is the basis of the calibration curve of Sage and Lacey
for the turbulent range.
However, Equation (3) has been derived on the basis that two
variables p. and g sin o can be combined into one variable F. Although
this may be true for laminar flow, it is not necessarily true for turbu-
lent flow. In the case of the rolling ball, the entrance and exit losses
are relatively important, and, when turbulence exists, the turbulent
wake behind the ball is important. Whether the pressure drop around
the ball can be treated as a constant or a variable depends on the type
of turbulence encountered in the wake. It has been observed by
Hubbard and Brown12a that at a high Reynolds number the motion
of the ball is irregular. In view of this, it would be safer to treat the
variables p, and g sin o separately.
If the variable g sin o and p, cannot be combined to give a single
variable F, then by dimensional analysis, we obtain
/pdA2  p di d2 t2 g sin o(4)
/ , -, -, -  , -~I= 0. (4)M 'l p, d2  L d2
For a given instrument, the number of groups can be reduced to three.
In no case can the number of variables be reduced to less than three
for a given instrument where di, d2, L and p., are constant. Hence the
simplest relation would be
S= f (p, t). (5)
Hubbard and Brown give a detailed analysis of a method of cor-
relation for the rolling-ball viscometer. Their equation obtained by
dimensional analysis is based on the assumption that the variables
g sin o and p8 can be combined. Their equation is similar to Equa-
tion (3) since the two can be made identical by rearrangement of the
variables and therefore it is the same as that used by Sage and Lacey.
If the method of calibration used by these investigations is satis-
factory, a calibration based on Equation (5) should give the same
results. By plotting . against t for constant values of p a calibration
curve for the turbulent range can be obtained. In order to check Sage
and Lacey's calibration, a plot of this type was constructed for carbon
dioxide, nitrogen, and methane as the calibrating fluids. Phillip's data
on carbon dioxide, Michels and Gibson's data on nitrogen, and the
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FIG. 23. GRAPHICAL RECALIBRATION OF SAGE AND LACEY'S
ROLLING BALL VISCOMETER IN TURBULENT RANGE
Measured roll-time data for a number of gases of known viscosity and density were used to
obtain the graphical relation between viscosity, roll time, and density for this instrument. The
curves permit the determination of the viscosity of a gas of known density.
methane data of this investigation were used. Sage and Lacey fur-
nished their original roll-time data for nitrogen, carbon dioxide, and
propane. The roll time for methane was calculated by "trial and
error" from their published data, and is not of a high degree of
accuracy. The calibration is shown in Fig. 23.
Using Fig. 23 and Sage and Lacey's roll-time data for propane,
the 104.5 deg. C. isotherm was recalculated. Since it was necessary to
extrapolate the curves in Fig. 23, the recalculated viscosities are not
of high accuracy. They are in closer agreement with data obtained
in this investigation (see Fig. 13) than the published values.
It may be concluded that the rolling-ball instrument is not suitable
for use in the turbulent range with gases. Using a simple relation
such as given by Equation (3) for calibrating the rolling-ball vis-
cometer is satisfactory for laminar conditions, but may lead to large
inaccuracies when turbulence is encountered, and the unknown fluid
has a viscosity-density isotherm differing greatly from that for the
calibrating fluid.
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